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Soil Liquefaction Potential of a Highway Bridge Foundation 
Pedro S. Seco e Pinto 
Principal Research Engineer, Laborat6rio Nacional de Engenharia 
Civil, Portugal 
SYNOPSIS: Dynamic properties of a highway bridge foundation were determined through extensive field and laboratory tests. 
The liquefaction potential of alluvia materials consisting of sand material with 10 m depth was evaluated by using field 
data obtained from standard penetration and cone penetration tests, as well as seismic tests by measuring longitudinal and 
shear waves velocities. In addition the laboratory testing program has included classification tests, cyclic triaxial 
and cyclic simple shear test. 
The analyses have showed that comparable factors of safety may be obtained from both field and laboratory tests. 
INTRODUCTION 
A liquefaction potential evaluation of Guadiana bridge 
foundation is performed. This bridge is located in the 
South of Portugal, within zone A of the Seismic Risk Map. 
Subsurface conditions were determined using informations 
obtained from drilling, laboratory tests and field tests. 
This paper presents the case studies involved in a lique-
faction evaluation and shows how these procedures can be 
used in order to determine the assesment of liquefaction 
potential of the bridge foundation. The countermeasures 
adopted are also referred. 
GENERAL·DESCRIPTION OF BRIDGE AND FOUNDATION 
Guadiana bridge is a cable-stayed bridge with a total 
length of 842 m and has two towers that are 324 m apart. 
The deck structure consists of a triangulated box-girder 
with two inclined webs and interior stiffning provided by 
inclined struts. Each section of the towers is founded on 
a group of piles more than 1.5 min diameter crossing the 
alluvia material and penetrating in the shale grawackes 
formations (Fig. 1). 
A -Muddy Complex 
B -Sandy Complex 
The old Guadiana valley is filled by alluvia material that 
in some places reach a thickness of 80 m. Taking into aC: 
count the information given by in situ tests (boring tests, 
geophysical tests, SPT and CPT tes~s and vane tests) and 
laboratory tests (classification tests)·three complexes 
were considered LNEC (1976, 1978, 1985 a) which principal 
characteristics are described in Table 1. 
The liquefaction evaluation of sandy material with a thick 
ness of 10 m and located under the left tower is discus = 
sed in the following sections. 
EVALUATION OF LIQUEFACTION POTENTIAL 
Introduction 
To express the ability of a soil element to resist lique-
faction, the liquefaction resistance factor F1 is defined 
as 
(1) 
C .Silly-Sandy Gravelly Complex 
0 -Shale and Grawackes Formations 
Fig. 1 General Vue and Foundation Section 
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TABLE I. - Summary of the Principal Geotechnical Characteristics of Alluvia Material 
SPT CPT 
Type (N) (Kpa) 
Range Average Range 
Muddy Complex 1-5 2 300- 1000 
Sandy Complex 3-20 10-15 1000- 5000 
Silty-sandy 6-60 20-40 2000-20000 gravelly complex 
where R is the resistance of the soil element to an earth 
quake loading and L is the earthquake load induced by a 
seismic motion. 
The estimation of cyclic shear strength can be determined 
by field performance correlated with a variety of soil 
index parameters, such as standard penetration resistance, 
cone penetration resistance, shear wave resistance or by 
an analysis of stress or strain conditions using laboratory 
testing· procedures. In the evaluation of the liquefaction 
potential of Guadiana bridge foundation both methods were 
used. 
Determination of Stresses Induced by Design Earthquakes 
In the specifications for Earthquake Resistance Design 
of Highway Bridges issued by the Japan Road Association 




Z = Depth from the ground surface (m) 
Ks Seismic coefficient for evaluation of liq·., 
uefaction and can be determined by 
Seismic zone factor 
Ground condition factor 
Importance factor of the bridge 
Kso Design seismic coefficient 
Uv = Total overburden pressure 
a~ = Effective overburden pressure 
(4) 
As Guadiana bridge is located in an active seismic zone 
(Oliveira, 1977) from the seismic studies have resulted 
for the near earthquake a magnitude equal 6.5 andforthis 
stress-time history 20 cycles was selected as the.-appro-
priate number. From equation (4) results Ks = 0.175 and 
consequently L = 0.36. 
850 
P wave velocity S wave velocity 
(m/s) Cm/s) 
Average Range Average Range Average 
600 1300-1600 1400 60-230 110 
2500 1000-1500 1300 105-360 170 
10000 c15Q0-1800 1600 115-400 260 
Laboratory Testing 
Identification Tests 
A typical grain size distribution curve for· the sandy ma-
terials is shown in Fig. 2. 
00 00 0 0 o...,.,\D..,. N 
... -
ASTM Standard Sieve Number 
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Silt Sand 
Fig. 2 Ranges of Grain Size Distribution Curves 
Cyclic Triaxial Tests 
After knowing the triaxial cyclic shear strength 
in situ cyclic shear strength (R) can be obtained by the 
following equation (Iwasaki, 1986): 
(5) 
where: c1 is the correction factor because the cyclic 
triaxial test does not adequately reproduce the in situ 
stress conditions present during an earthquake and for 
alluvial deposits C1 = 2/3 (Ishihara and Li, 1972); c2 
is the correction factor accounting for the difference be-
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tween the in situ random loading pattern and the sinusoi 
dal loading pattern used in the triaxial, an average value 
c2 = 1.65 is recommended by Ishihara and Yasuda (1975); 
c3 is the correction factor for the effects of soil dis -
turbances during sampling; c4 is the correction factor 
for the effects of densification in the process of sam 
pling and handling; c5 is the correction factor ac 
counting for multi-direction shaking and Seed (1976) has 
proposed the value 0.9. 
Considering that the two effects c3 and c4 may cancel out 
equation (5) becomes: 
2 R = 3 X 1.6 X 1 X 0.9 Rl = Rl (6) 
Cyclic triaxial tests were performed in representative 
samples to observe the stresses and strains to cause 
liquefaction (LNEC, 1978; 1985 b). The initial effective 
confining pressure was varied from 30 to 100 KPa and the 
samples were submitted to 120 cycles, and a value of 5 
percent double amplitude strain was selected to avoid 
inconvenient deformations for the structure. Fig. 3 
shows tests results plotted as the log of the number of 
cycles to 5 percent double amplitude strain versus the 
applied cyclic shear stress ratio Gd/2 vj, where: 
vd = cyclic deviator stress and Gj = initial effective 
confining pressure. Since the induced stress ratio by 
earthquake exceeds the cyclic shear stress it can be 
concluded that the sand is likely to liquefy. 
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Number of cycles required to cause s•1. strain 
Fig. 3 Cyclic Triaxial Tests Results 
Cyclic simple shear 
The simple shear principle appeared to many investigators 
to be an appropriate way of reproducing in the laboratory 
the stresses experienced by an element of soil subject to 
the ideal earthquake loading. 
The initial effective vertical confining pressures were 
chosen in order to duplicate the field conditions ali.d 
failure was define as 5 percent double amplitude strain. 
Test results plotted as the log of the number of cycles 
to 5 percent double amplitude strain versus the applied 
cyclic shear stress ratio 'C I G"~ are shown in Fig. 4, 
where: 'C= cyclic horizontal stress and G~ = initial ef 
fective vertical confining pressure. 
Since the stress ratio developed by the earthquakes exce-
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\ 
Fig. 4 Cycle Simple Shear Tests Results 
~ield Tests 
SPT Tests 
Since Alaska and Niigata earthquakes of 1964, geotechni-
cal engineers search to determine the relationship be -
tween field values of cyclic stress ratio t:h/ G~ (in 
which 'Ch = the average horizontal shear stress induced by 
an earthquake, and v~ = the initial effective overburden 
pressure on the soil layer involved) and the relative den 
sity of the sand, as determined from the standard pene= 
tration resistance. 
seed et al (1983) have correlate the standard penetration 
resistance with the effective overburden pressure by the 
relationship: 
(7) 
where CN = a function of the effective overburden pres -
sure at the depth Where the penetration test was conduc -
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Fig. 5 Recommended Curves for Determination of CN 
(after Seed et al., 1983) 
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From liquefaction studies performed from data of sites 
located in China, Guatemala, Argentina, Japan and U.S.A. 
Seed et al. (1985) have proposed a boundary line (or zone) 
separating sites known to have liquefied from siteswhich 
have apparently not liquefied in earthquakes of magnitude 
about 7- 1/2 for sands and silty sands (~ig. 6). These 
results are also extended to other magnitude events (Seed 
et al., 1983). 
Considering a standard penetration resistance value of 
about 12 at a depth of 10 m, for u~ (effective overburden 
pressure) = 75 Kpa,CN = 1.1 and N1 = 13.2. For the SPT 
tests a safety hammer with 2 wraps of a rope around a 
pulley was used. From Fig. 6 it may be concluded' that 
under an induced earthquake load of 0.36 with a correction 
factor 1.2 forM= 6.5 an taking into account a fines 
content of 15% (Fig. 2) the soil will liquefy. 
Tatsuoka et al. ( 1978) have proposed the following equ!!_ 
tions to obtain the value of R 
R 0.0882 ~(j~~0.7 + 0.225 log10 OD35 50 
(for 0.02 < n5o ~ 0.60 mm) 
(8) 
R 0.0882 ~ G' ~ 0. 7 - 0.05 
v 
(for o:6 ~ n50 < 2.0 mm) (9) 
where a~ is the effective overburden pressure and N is 
the SPT value. 
Considering this proposition a valueR= 0.27 was obtained. 


































I I I 
• 
. / / 
I / 
• . . . , 
• 
& 
... " ~,"' 
···0~ FINES CONTENT ~ 5 "/• 

















40 so &0 
0to-----7,1o~--~2o~--~,~o----~------~--~ 
c N1 >so 
Fig. 6 Relationship between Stress Ratios Causing 
Liquefaction and N1 - Values for Silty Sands 
forM= 7,1/2 Earthquakes (after Seed et 
al. , 1985) 
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CPT tests 
The main advantages of CPT test are that it provides data 
much more rapidly than does the SPT, it provides a con 
tinuousrecord of penetration resistance in any borehole, 
and it is less vulnerable to operator error than the SPT. 
The main disadvantage of the test, from the point of view 
of predicting the liquefaction resistance of a site, is 
that it has a very limited data base to provide a cor -
relation between soil liquefaction characteristics and 
CPT values. 
Using the relationships '\:l (Kpa) = 400 to 500 N1 for 
clean sands and %l (Kpa) = 350 to 450 N1 for silty sands 
proposed by Schmertmann (1976) the plots relating values 
of cyclic stress ratio causing liquefaction with %l val.,. 
ues are shown in Fig. 7 (Seed et al., 1983). 
Considering an average value of CPT = 2500 Kpa, from 
Fig. 7 it may be concluded that soil liquefaction can 
occur. 
:. 

















(a) Clean Sands 
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Fig. 7 Proposed Correlation between Liquefaction 
Resistance of Sands for Level Ground Con-
ditions and Cone Penetration Resistance 
(adopted from Seed et al., 1983) 
To evaluate liquefaction potential of sand Zhou (1981) 
has proposed the following expression: 
Pscr = Pso [1- 0.065 (Hw- 2)][1-0.05(H0-2)](10) 
where P is the critical cone resistance, H is thewater 
scr w 
level, H is the thickness of overburden layer and P is 
0 so 
a factor depending the intensity of the earthquake. 
The increase of fines content in sand will lead to a great 
drop ~n cone resistance, and meanwhile increases the cyclic 
shearLng strength of the soil. The following equationhas 
been proposed (Zhou, 1981): 
Ps = 584 C a~+ 0.7)A R\ (11) 
where G'~ is the overburden stress and A~ depends of 
the content of particles less than 0.074 mm. 
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From equation (10) the critical cone resistance Pscr 
= 7600 Kpa. Considering an average point resistance va! 
ue R = 2500 Kpa and with the correction related with 
p 
fines content in sand results R + P = 4200 Kpa. As p s 
R + P < P liquefaction can occur. p s scr 
Seismic tests 
In soil containing a significant proportion of gravel 
particles the shear wave velocity (vs) may provide a more 
suitable means for assessment of liquefaction potential. 




0.9 60 fN; ( 12) 
for depths up to about 15 m. This relationship is shown 
in Fig. 8. 
As the average shear wave velocity vs = 1.7() m/s is less 
than 366 m/s soil liquefaction can occur. 
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Fig. 8 Proposed Correlation between Liquefaction 
Resistance of Soils containing Gravels for 
Different Magnitude Earthquakes and Average 
Shear Wave Velocity (adopted from Seed e~ 
al., 1983) 
In sutmnary: Analyses were performed to determine the 
liquefaction potential of sandy materials. The analyses 
were done by comparison of induced stress conditions from 
earthquakes and stress conditions causing liquefaction in 
cyclic laboratory tests. In addition factors of safety 
against liquefaction in accordance with empirical methods 
based on the observation of performance of sand deposits 
during previous earthquakes using field tests were deter-
mined. Nevertheless these two approaches are quite dif -
853 
ferent the computed factors of safety against liquefac -
tion were in good agreement and pointed out that lique 
faction could occur. 
MEASURES'AGAINST SOIL LIQUEFACTION 
In designing an important civil engineering structure on 
soils vulnerable to liquefaction during earthquakes, it 
seems inevitable to consider the effects of soil liquefac 
tion on the seismic stability of the structure. In Gua = 
diana bridge soil improvement by vibroflotation and long 
pile foundations were jointly employed in order to upgrade 
the soil liquefaction vulnerability. 
CONCLUSIONS 
The advantegous and limitations of laboratory testing pro 
cedures and field tests were combined to assess the lique 
faction potential of Guadiana bridge foundations. A good 
agreement was found between the several methods adopted 
reaching all of them the same conclusion. 
As soil liquefaction could occur countermeasures were 
adopted related with soil improvement by vibroflotation 
and the use of long pile foundations. 
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